The unfolded protein response (UPR) is a homeostatic cellular response conserved in eukaryotic cells to alleviate the accumulation of unfolded proteins in the endoplasmic reticulum (ER). Arabidopsis bZIP28 is a membrane-bound transcription factor activated by proteolytic cleavage in response to ER stress, thereby releasing its cytosolic portion containing the bZIP domain from the membrane to translocate into the nucleus where it induces the transcription of genes encoding ER-resident molecular chaperones and folding enzymes. It has been widely recognized that the proteolytic activation of bZIP28 is mediated by the sequential cleavage of site-1 protease (S1P) and site-2 protease (S2P). In the present study we provide evidence that bZIP28 protein is cleaved by S2P, but not by S1P. We demonstrated that wild-type and s1p mutant plants produce the active, nuclear form of bZIP28 in response to the ER stress inducer tunicamycin. In contrast, tunicamycin-treated s2p mutants do not accumulate the active, nuclear form of bZIP28. Consistent with these observations, s2p mutants, but not s1p mutants, exhibited a defective transcriptional response of ER stress-responsive genes and significantly higher sensitivity to tunicamycin. Interestingly, s2p mutants accumulate two membrane-bound bZIP28 fragments with a shorter ER lumen-facing C-terminal domain. Importantly, the predicted cleavage sites are located far from the canonical S1P recognition motif previously described. We propose that ER stress-induced proteolytic activation of bZIP28 is mediated by the sequential actions of as-yet-unidentified protease(s) and S2P, and does not require S1P.
INTRODUCTION
The unfolded protein response (UPR) or the endoplasmic reticulum (ER) stress response occurs in eukaryotic cells when protein folding and maturation in the ER are perturbed. In plants, the UPR triggers transcriptional induction of genes encoding ER-resident molecular chaperones, including BiP, calreticulin, calnexin and ERdj, to increase the folding capacity in the ER (Iwata and Koizumi, 2012; Howell, 2013) . The plant UPR also mediates the degradation of mRNAs encoding secretory and membrane proteins to reduce the load of newly synthesized proteins to be inserted into the stressed ER (Mishiba et al., 2013) . The UPR has been implicated in pollen development and abiotic and biotic stress responses (Iwata and Koizumi, 2012; Duwi Fanata et al., 2013) .
In Arabidopsis thaliana, two bZIP transcription factors, bZIP60 and bZIP28, play important roles in activating ER stress-responsive genes (Iwata and Koizumi, 2012; Howell, 2013) . bZIP60 is activated by cytoplasmic splicing through activities of the ER membrane-localized ribonuclease IRE1 and the tRNA ligase RLG1 (Deng et al., 2011; Nagashima et al., 2011 Nagashima et al., , 2016 . Under unstressed conditions, bZIP60 mRNA encodes a protein with a transmembrane domain that resides on the ER membrane. Upon ER stress, the activated IRE1 cleaves bZIP60 mRNA at two positions, and two halves of cleaved bZIP60 mRNA are then joined by RLG1. This splicing removes an intron of 23 nucleotides in length and causes a frame shift. The spliced bZIP60 mRNA encodes a protein without a transmembrane domain that can translocate into the nucleus and activate ER stress-responsive genes (Deng et al., 2011; Nagashima et al., 2011) .
bZIP28 is a type-II membrane-bound transcription factor, with a bZIP DNA binding domain in its N terminus facing the cytoplasm (Liu et al., 2007a; Tajima et al., 2008) . bZIP28 is translated as a precursor form, residing at the ER membrane by virtue of the transmembrane domain. In response to ER stress, bZIP28 is cleaved within the transmembrane domain, and the N-terminal portion containing the bZIP domain is released from the membrane to translocate into the nucleus, where it activates the ER stress-responsive genes (Liu et al., 2007a; Tajima et al., 2008; Liu and Howell, 2010) .
ATF6, an ER membrane-localized transcription factor in animals, and a counterpart of Arabidopsis bZIP28 (Haze et al., 1999) , has been extensively characterized and shown to be activated by two sequential cleavages by Golgi-localized proteases, site-1 protease (S1P) and site-2 protease (S2P) (Ye et al., 2000; Lee et al., 2002) . Upon ER stress, ATF6 is transported to the Golgi where the sequential cleavage by Golgi-localized S1P and S2P occurs. S1P, a serine protease with a single transmembrane domain, cleaves the luminal domain of ATF6. This first cleavage shortens the size of the luminal domain, which is believed to enable S2P, a metalloprotease with multiple transmembrane domains, to access ATF6, and cleaves the transmembrane domain of ATF6 to release the N-terminal fragment containing the bZIP domain.
As Arabidopsis encodes one gene for each S1P and S2P gene, the involvement of these genes in bZIP28 activation has been analyzed. The involvement of S2P in bZIP28 proteolytic activation has been explored by using s2p mutants. It has been shown that fluorescent protein-tagged bZIP28 expressed under cauliflower mosaic virus 35S promoter is unable to move to the nucleus in s2p mutants (Che et al., 2010; Srivastava et al., 2013) . In contrast, compelling evidence for the involvement of S1P in bZIP28 activation is lacking, although it has been reported that bZIP28 contains the consensus S1P recognition motif at its C-terminal portion (Liu et al., 2007a; Figure 1a) . Nevertheless, it has been widely recognized that bZIP28 is activated through sequential cleavage by S1P and S2P, by way of analogy with ATF6 activation (Howell, 2013; Sun et al., 2013; Srivastava et al., 2014; Wan and Jiang, 2016) .
In the present study, we investigated the molecular mechanism of bZIP28 proteolytic activation by detecting endogenous bZIP28 proteins in Arabidopsis s1p and s2p mutants. We provide evidence that S2P, but not S1P, is necessary for the proteolytic processing of bZIP28. The active, N-terminal bZIP28 fragments were detected in wildtype and s1p mutant plants, but not in s2p mutant plants. Importantly, the processing pattern of bZIP28 in s2p mutants suggests proteolytic cleavage occurs at different amino acids from those reported from the S1P recognition motif. Our data imply a different activation mechanism of Arabidopsis bZIP28 from that of animal ATF6, with the involvement of as-yet-unidentified protease(s) required for the second S2P cleavage.
RESULTS
ER stress-induced proteolytic processing of endogenous bZIP28 protein
The proteolytic processing and nuclear relocation of bZIP28 has been observed using epitope-tagged or green fluorescent protein-tagged bZIP28 expressed under the 35S promoter (Liu et al., 2007a; Gao et al., 2008) . In the and bzip28-2 mutant seedlings were treated with 0.1% DMSO (Mock), 5 lg mL À1 tunicamycin (Tm), 2 mM dithiothreitol (DTT), 5 mM azetidine-2-carbixylic acid (AZC) or 100 lM cyclopiazonic acid (CPA) for 5 h. Proteins were extracted, and 20 lg of protein was subjected to SDS-PAGE followed by immunoblot analysis using anti-bZIP28 antibodies. Ponceau staining of Rubisco large subunit (RbcL) is shown as a loading control. The full-length, precursor form and the cleaved, nuclear form are indicated by P and N, respectively. The unglycosylated P form is indicated by P*. Non-specific signals are indicated by stars.
present study, we first detected endogenous bZIP28 proteins using anti-bZIP28 antibodies, which were generated with the bacterially expressed N-terminal bZIP28 protein as an antigen, and therefore recognize the cytosolic domain of bZIP28 (Nagashima et al., 2014; Figure 1b) . As shown in Figure 1c , the precursor form of bZIP28 (hereafter called bZIP28 P ) was detected in unstressed plants. The active, nuclear form of bZIP28 (hereafter called bZIP28 N ) was detected when treated with the ER stress inducer tunicamycin, which inhibits N-glycosylation (Figure 1c ), consistent with previous reports (Liu et al., 2007a; Nagashima et al., 2014) Figure 1c ). An additional band that migrates slightly faster than bZIP28 P was detected in AZCtreated plants. We observed additional bZIP28 species that migrate slightly faster than bZIP28 P (bZIP28 P * in Figure 1c ) in cells treated with tunicamycin but not with other ER stress-inducing chemicals. Because tunicamycin inhibits the first step of N-glycan chain synthesis, and therefore N-glycosylation, bZIP28 P * is likely to be an unglycosylated form of bZIP28 P . This somewhat complex pattern of bZIP28 species has also been observed with myc-tagged bZIP28 in the previous report (Liu et al., 2007a) . All of these bands were absent in bzip28-2 mutants (Figure 1c ), confirming their bZIP28 origin.
The proteolytic processing of bZIP28 is affected in s2p mutants, but not in s1p mutants
It has been widely assumed that upon ER stress bZIP28 is transported to Golgi and cleaved sequentially by S1P and S2P proteases, to be freed from the membrane. To obtain direct evidence as to whether S1P and S2P are required for the proteolytic processing of bZIP28, we analyzed T-DNA insertion mutants for S1P and S2P genes Liu et al., 2007b; Figure 2a) . RT-PCR analysis confirmed that all of s1p and s2p mutants express no intact transcripts for the corresponding gene, although they could express truncated S1P or S2P transcripts ( Figure 2b ). We treated s1p and s2p mutants with tunicamycin and subjected them to immunoblot analysis to ask whether the absence of S1P and S2P activities affect bZIP28 proteolytic processing. As shown in Figure 2c , both of the two s1p mutants accumulated bZIP28 N , as did the wild-type plants.
The pattern of the processed bZIP28 fragments in s1p mutants seemed indistinguishable from that in wild-type plants. In stark contrast, bZIP28 N fragments were undetectable in both of s2p mutants (Figure 2d ). Interestingly, s2p mutants accumulated two bZIP28 species that migrate Figure 3b ). We reasoned that unknown proteases, presumably other than S1P, cleave the C-terminal portion of bZIP28 in close proximity to the transmembrane domain, and generate bZIP28 X1 and bZIP28 X2 , which are readily cleaved by S2P, and are therefore undetectable in wild-type plants (Figure 3b) .
The intermediate bZIP28 fragments were generated by yet-unidentified proteases, other than S1P
Our observation that s2p mutants accumulate two intermediate membrane-bound bZIP28 fragments (bZIP28 X1 and bZIP28 X2 ) indicates that these are the substrates for S2P.
Also, our observation that s1p mutants and wild-type plants exhibited the identical pattern of processed bZIP28 fragments indicates that bZIP28 activation does not require S1P. There are two possibilities to explain these observations: (i) one of two cleavages is performed by S1P, but another cleavage by an unknown protease is sufficient for S2P cleavage; or (ii) both of the two cleavages are performed by unknown proteases, which are followed by S2P cleavage. These two possibilities can be tested by introducing the S1P mutation into s2p mutants, in which the intermediate bZIP28 fragments can be detected. We therefore crossed s1p-3 and s2p-2 mutants and generated s1p-3 s2p-2 double mutants (hereafter referred to as s1p s2p double mutants for simplicity). We confirmed that neither S1P nor S2P genes are expressed in its intact form in s1p s2p double mutants (Figure 4a ). We then carried out immunoblot analysis to look for the processing pattern of the bZIP28 protein. If the first possibility is the case, either one of bZIP28 X1 or bZIP28 X2 will disappear in the s1p s2p double mutant, whereas neither bands will disappear if the second case is true. As shown in Figure 4b , the pattern of processed bZIP28 fragments in s1p s2p mutants was identical to that in s2p mutants. It supports the second possibility that S1P does not cleave the luminal domain of bZIP28, and that both bZIP28 X1 and bZIP28 X2 fragments are generated by unknown proteases.
s2p mutants, but not s1p mutants, show a defective transcriptional response and a much higher sensitivity to tunicamycin than do wild-type plants
We next examined the effect of S1P and S2P mutation on the tunicamycin-induced upregulation of bZIP28 target genes. As shown in Figure 5 , s2p mutants exhibited considerably less induction of CRT2 and ERdj3b genes, which code for ER-resident molecular chaperones, whereas the induction of these genes was unaffected in s1p mutants, consistent with the essential role of S2P, but not S1P, in the proteolytic activation of bZIP28. We also examined the sensitivity of s1p and s2p mutants to tunicamycin. As shown in Figure 6 , s2p and s1p s2p mutants, but not s1p mutants, exhibited significantly higher sensitivity to tunicamycin than wild-type plants did, Total protein (T) was extracted and fractionated by ultracentrifugation at 100 000 g for 1 h to obtain the pelleted microsomal membrane fraction (M) and soluble fraction (S). Each fraction was analyzed by SDS-PAGE, followed by immunoblotting using anti-bZIP28 antibodies. X1 and X2 indicate the location of bZIP28 fragments detected only in s2p-2 mutants. (b) Diagram of bZIP28 fragments generated by proteolytic cleavage predicted by the immunoblot analysis in (a). It should be noted that the exact lengths of cleaved forms (X1, X2 and N) remain to be identified.
further supporting our claim that S2P, but not S1P, mediates the proteolysis-mediated bZIP28 activation.
DISCUSSION
It had been widely assumed that Arabidopsis bZIP28 is activated by sequential proteolytic processing by S1P and S2P (Howell, 2013; Sun et al., 2013; Srivastava et al., 2014; Wan and Jiang, 2016) . The involvement of S1P in bZIP28 processing is based on an analogy with the animal system, in which the ER-resident membrane-bound transcription factor ATF6 is transported to Golgi upon ER stress, and is sequentially processed by S1P and S2P (Haze et al., 1999; Ye et al., 2000; Lee et al., 2002) . This assumption seemed consistent with the fact that Arabidopsis bZIP28 contains a canonical S1P recognition motif in the C-terminal domain (Liu et al., 2007a) . We provide convincing experimental evidence in the present study that bZIP28 proteolytic processing requires S2P, but not S1P, however. et al., 2012; Sun et al., 2013) , further corroborating our claim that S1P is not involved in the proteolytic cleavage of bZIP28. We therefore propose a model in which bZIP28 is activated through sequential cleavage of unknown protease(s) and S2P ( Figure 7 ). bZIP28 is first cleaved by unknown protease(s) at sites proximal to the transmembrane domain in the C-terminal domain, generating bZIP28 X1 and bZIP28 X2 . These cleavages shorten the C-terminal domain, and enable S2P to access bZIP28 and to undergo the second cleavage within the transmembrane domain to release the cytoplasmic fragment containing the bZIP domain. It is unclear whether the cleavage generating bZIP28 X1 and the one generating bZIP28 X2 are mediated by a single protease (i.e. a single protease cleaves two sites that generate bZIP28 X1 and bZIP28 X2 ) or two proteases (i.e.
each protease cleaves one site that generates either bZIP28 X1 or bZIP28 X2 ).
The recent study reported that the canonical S1P recognition site RRIL in bZIP28 is critical for the ER stressinduced activation of bZIP28 (Sun et al., 2015) . This claim was based on their observation that the mutant version of bZIP28, in which the canonical S1P recognition site RRIL is changed to GGIL, was unable to restore the tunicamycinsensitive phenotype of bzip28 bzip60 double mutants and to activate the ER stress marker genes BiP3 and CNX1 (Sun et al., 2015) . Because our experimental evidence in the present study shows that S1P is not involved in bZIP28 activation, the possibility for reconciliation is that RRIL ? GGIL mutation abolishes the secondary structure and/or interaction with other proteins important for the ability of bZIP28 to sense ER stress or to translocate to Golgi.
It has been shown that bZIP28 is transported from the ER to the Golgi upon ER stress. Indeed, it has been shown that Arabidopsis plants expressing GFP-bZIP28 exhibits transient Golgi fluorescence upon ER stress (Srivastava et al., 2012) , and that ER-stressed s2p mutants expressing GFP-bZIP28 proteins exhibit Golgi fluorescence (Che et al., 2010) . GFP-tagged S2P has also been shown to be localized at the Golgi (Che et al., 2010) . We currently do not know whether cleavage by unknown protease(s) generating bZIP28 X1 and bZIP28 X2 occurs in the ER or in the Golgi.
Therefore, it is unclear whether bZIP28 is transported from the ER to the Golgi, where the cleavage by unknown protease(s) occur, or whether bZIP28 is cleaved by unknown protease(s) in the ER, which facilitates the transport of bZIP28 to the Golgi, where S2P cleavage occurs. It is worth mentioning that bZIP28 X1 and bZIP28 X2 fragments are detected in s2p mutants even without tunicamycin treatment (Figures 2d and 4b) . A plausible explanation is that the initial cleavage of bZIP28 by unknown protease(s) occurs at low level to produce bZIP28 X1 and bZIP28 X2 as a result of subtle ER stress without ER stress-inducing chemicals. As only a small quantity of bZIP28 X1 and bZIP28 X2 are produced, the resulting bZIP28 N by S2P cleavage occurs at trace level, and below the detectable level in wild-type seedlings, because of the rapid turnover after subtle ER stress is resolved. In contrast, bZIP28 X1 and bZIP28 X2 species accumulate because of the lack of S2P activity and become detectable in s2p mutant seedlings. It has been reported that the wild-type and bzip28 mutant plants exhibit similar tunicamycin sensitivity (Sun et al., 2013) , whereas the s2p mutants show a tunicamycinsensitive phenotype in the present study. It implies that S2P has proteolysis targets other than bZIP28. The most probable candidate is bZIP17. It has been shown that bZIP17, another membrane-bound bZIP transcription factor with a similar domain structure as bZIP28, is cleaved by S1P (Liu et al., 2007b) . It has also been reported that salt stress activates the proteolytic processing of bZIP17 but not that of bZIP28 (Liu et al., 2007a,b) . It would be of particular interest to look for the pattern of the processed endogenous bZIP17 proteins in s1p and s2p mutants under stress conditions, as we did for bZIP28 in the present study, to obtain a comprehensive understanding of the conservation and diversity of activation mechanisms of the membrane-bound transcription factors in plants.
EXPERIMENTAL PROCEDURES Plant materials
We used A. thaliana (Col-0) plants and T-DNA insertion mutants in the Col-0 background. The T-DNA insertion mutants bzip28-2 (SALK_132285), s1p-2 (SALK_111474), s1p-3 (SALK_020530), s2p-2 (GABI_459C12) and s2p-3 (GABI_816A08) were previously characterized (Liu et al., 2007a,b; Iwata et al., 2008) . s1p s2p double mutants were generated by crossing s1p-3 and s2p-2 mutants.
Protein extraction and subcellular fractionation
For total protein extracts, 10-day-old Arabidopsis seedlings grown in half-strength MS medium were treated with 5 lg ml À1 tunicamycin, 2 mM DTT, 2 mM AZC or 100 lM CPA for the indicated Figure 7 . Proposed model for the proteolytic activation of bZIP28. bZIP28 is translated as a precursor form (bZIP28 P ) located at the endoplasmic reticulum (ER) membrane. In response to ER stress, bZIP28 is first cleaved at two positions by unknown protease(s), giving rise to two bZIP28 fragments (bZIP28 X1 and bZIP28 X2 ), which are further cleaved by Golgi-localized S2P. The resulting bZIP28 protein (bZIP28 time periods, and homogenized in extraction buffer (50 mM TrisHCl, pH 7.5, 100 mM NaCl, 0.05% Tween-20, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 12 000 g for 10 min, and the supernatant was used as total proteins. The protein concentration was quantified using the Bradford method, with bovine serum albumin used as a standard. Biochemical fractionation experiments were carried out as previously described . In brief, 10-day-old Arabidopsis seedlings grown in half-strength MS medium treated with 5 lg ml À1 tunicamycin for 5 h were homogenized in LE buffer (80 mM Tris-HCl, pH 7.5, 12% sucrose, 1 mM EDTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride) and centrifuged at 10 000 g for 10 min. The supernatant was further centrifuged at 100 000 g for 1 h. The supernatant was used as the soluble fraction. The pellet was resuspended in the same volume of LE buffer as the supernatant and used as the microsomal fraction.
Immunoblot
Protein extracts were loaded on an SDS-PAGE gel. After electrophoresis, proteins were transferred to a polyvinylidene difluoride membrane, and immunoreactive proteins were detected with Luminata Forte Western HRP substrate (Merck Millipore, http://www.merckmillipore.com), according to the manufacturers' instructions. The antibodies used were anti-bZIP28 (Nagashima et al., 2014) and anti-rabbit IgG-HRP (Bio-Rad, Hercules, CA, USA), with a dilution factor of 1:10 000. The membrane was stained with Ponceau S to reveal the Rubisco large subunit (RbcL) for a loading control.
RT-PCR and RNA blot
RNA was extracted from 10-day-old seedlings as previously described (Chomczynski and Sacchi, 2006) . RT-PCR was carried out using the primers S1P-F1 (5 0 -CGGATTACTTGGATCTGCCT-3 0 ) and S1P-R1 (5 0 -CGGCCATATAACATCCGGGT-3 0 ) S1P-F2 (5 0 -CGAG-GAAGGAAATCTTCTGAGC-3 0 ), S1P-R2 (5 0 -CTTTGATGCCTCAGT-TAGCAGTAG-3 0 ), S2P-F1 (5 0 -CCTTCTGTGTCGCCATTGTT-3 0 ), S2P-R1 (5 0 -AAGCACAAGTCACCCTGTGGA-3 0 ), S2P-F2 (5 0 -ATGGAAA TTTCAGGACGGCGAATG-3 0 ), S2P-R2 (5 0 -AATGATACACGCGTGG AAGGAG-3 0 ), Act8-F (5 0 -TCAGCACTTTCCAGCAGATG-3 0 ) and Act8-R (5 0 -ATGCCTGGACCTGCTTCAT-3 0 ).
RNA blot was performed using the PCR DIG Probe Synthesis Kit (Roche, http://www.roche.com), as previously described (Nagashima et al., 2011) . Probes for CRT2 and ERdj3B were generated by PCR with CRT2-F (5 0 -TGAGAAAGACGCCACCGCTC-3 0 ) and CRT2-R (5 0 -ATCAACTTGCAGGGACGTTGG-3 0 ) for CRT2, and ERdj3B-F (5 0 -CTCTTTCCTACGCCATGTGC-3 0 ) and ERdj3B-R (5 0 -TGACAAATGGAGGGAGAGGAGGAG-3 0 ) for ERdj3B.
Tunicamycin sensitivity
Approximately 100 seeds of each genotype were sown on halfstrength MS plates containing 1% sucrose supplemented with the indicated concentrations of tunicamycin. After 10 days, the percentage of germinated seeds was calculated. Seedlings with opened cotyledons were counted as germinated. Calculations were performed using data from three independent experiments. Seedlings grown on medium containing 0 or 0.05 lg ml À1 tunicamycin were also photographed.
